Post-traumatic stress disorder (PTSD) is a psychiatric illness that can increase the risk for developing an alcohol use disorder (AUD). While clinical data has been useful in identifying similarities in the neurobiological bases of these disorders, preclinical models are essential for understanding the mechanism(s) by which PTSD increases the risk of developing AUD. The purpose of these studies was to examine if exposure of male Long-Evans rats to the synthetically produced predator odor 2,5-dihydro-2,4,5trimethylthiazoline (TMT) would increase alcohol self-administration, potentially by facilitating transfer of salience towards cues, and alter neuronal response to alcohol as measured by the immediate early gene c-Fos. In Experiment 1 rats exposed to repeated (4x) TMT showed reductions in goal-tracking behavior in Pavlovian conditioned approach, and increases in alcohol self-administration. In Experiment 2 rats exposed to repeated TMT showed blunted basolateral amygdala c-Fos response to alcohol, and increased correlation between medial prefrontal cortex and amygdala subregions. In Experiment 3 rats exposed to single, but not repeated TMT showed increases in alcohol self-administration, and no change in anxiety-like behavior or hyperarousal. In Experiment 4, rats showed no habituation of corticosterone response after 4 TMT exposures. In summary, exposure of male rats to TMT can cause escalations in alcohol self-administration, reductions in goal-tracking behavior, and reduction in BLA response to alcohol. These studies outline and utilize a novel preclinical model that can be used to further neurobiological understanding of the relationship between PTSD and AUD.
Introduction
Alcohol is the one of the most widely consumed and abused psychoactive substances in the United States, with approximately 56% of adults having drank alcohol in the past month and 6% of adults having an alcohol use disorder (SAMHSA, 2018) .One risk factor for development of alcohol use disorder (AUD) is comorbid post-traumatic stress disorder (PTSD), which epidemiological studies have estimated nearly triples the risk of developing AUD (Kessler et al., 1997 , Jacobsen et al., 2001 , Shorter et al., 2015 .
PTSD stems from a person witnessing or experiencing a traumatic or lifethreatening event. While the symptoms of PTSD have been well-documented (intrusion, avoidance, negative alterations in cognition and mood, alterations in arousal), our understanding of the neurobiological underpinnings are still emerging. Neuroimaging studies have characterized dysregulation of multiple brain regions in PTSD, including hyper-responsivity of the amygdala to stressful stimuli and blunted medial prefrontal cortex (mPFC) top-down control of attentional and amygdala function (Liberzon and Sripada, 2008, Fenster et al., 2018) . Unsurprisingly, dysregulation in these brain circuits are also heavily implicated in AUD (Koob and Volkow, 2016, Blaine and Sinha, 2017) , and this overlap is thought, in part, to underlie comorbidity between PTSD and AUD (Gilpin and Weiner, 2017) .
Animal models play an important role in experimentally probing the relationship between 'trauma' exposure and increased alcohol drinking, and a number of animal models of PTSD have been shown to increase alcohol drinking. For example, stressenhanced fear learning (SEFL) is a model that involves exposing a rat to 15 shocks in one context, which enhances later fear learning in another context (Rau and Fanselow, 2009 ). Rats that undergo SEFL show increased alcohol consumption in a two-bottle choice protocol for over 120 days (Meyer et al., 2013) . Another model of PTSD is exposure to a predator or predator odor. Exposure to bobcat urine (Edwards et al., 2013) , soiled cat litter (Manjoch et al., 2016) , or a live un-neutered cat in conjunction with social instability (Zoladz et al., 2018) have been shown to increase alcohol drinking in rats for 20, 21, and 7 days respectively in self-administration or two-bottle choice paradigms. Similarly, exposure to dirty rat bedding sex-dependently increases homecage alcohol consumption in mice with a history of binge alcohol consumption (Finn et al., 2018) . These studies have begun to advance our knowledge of the link between PTSD and excessive alcohol drinking by contributing models that can be used to identify causal neuromolecular and brain circuitry changes.
The first goal of the present work was to determine if repeated exposure of male rats to the synthetically produced predator odor (PO) 2,5-dihydro-2,4,5trimethylthiazoline (TMT; an extract of fox feces) would increase reward cue salience and alcohol self-administration. As maladaptive response to cues is a hallmark of both PTSD (APA, 2013 , VanElzakker et al., 2014 and AUD (Seo and Sinha, 2014, Valyear et al., 2017) we hypothesized that increases in cue salience may be related to increases in alcohol self-administration. Next, this study quantified alterations in mPFC and amygdala neuronal response to alcohol following TMT-exposure using c-Fos immunoreactivity. Last, this study examined if a single TMT exposure was sufficient to induce changes in alcohol self-administration, and if acute physiological and endocrine response to TMT habituated across repeated exposures. The goal of this experiment was to assess if exposure to TMT would later increase the transfer of incentive salience towards reward cues using a Pavlovian conditioned approach (PCA) task. PCA was assessed in conditioning chambers (Med Associates, St. Alban, VT) located within sound-attenuating cabinets equipped with an exhaust fan to provide ventilation and mask outside noise. Chambers were equipped with a retractable lever on the back left side of the chamber and a cue light was located above the lever. Next to the lever was a port containing an infrared beam to detect entries and a liquid receptacle connected to a syringe pump for delivery of sucrose (20%, w/v).
Materials and Methods

PCA training.
One day prior to PCA, rats underwent a pretraining session to familiarize them with the sucrose reinforcer ( Fig 1A) . The pretraining session consisted of 25 non-contingent presentations of 20% sucrose (0.1 mL delivered by a syringe pump across 1.66 s) into the liquid receptacle on a 90 second variable interval (30 -150 s) schedule. Across the next 8 days rats were trained on PCA. PCA sessions consisted of 25 trials on a 90 second variable interval schedule. Trials consisted of a 10 second presentation of a lever and cue light (conditioned stimulus, CS) during which lever presses and port entries were measured. After 10 seconds the lever retracted, the cue light was turned off, and 0.1 mL of 20% sucrose (unconditioned stimulus, US) was delivered into the liquid receptacle port.
TMT exposures.
After 8 PCA sessions rats (n = 6/group) underwent TMT exposures. Animals were transported from the vivarium to a well-ventilated room at the onset of the dark cycle (7:00pm) and placed into clean Plexiglas chambers (30.5 cm x 18 cm x 18 cm) with a piece of filter paper affixed to the lid. 10 µL of either water (Control group) or TMT was pipetted onto the filter paper prior to closing the chamber lids. (Note: Control animals were always exposed before TMT animals to avoid any contact with the TMT odor). After 10 minutes of exposure, rats were returned to the vivarium. This TMT exposure process was repeated 4 times across one week (i.e., every other day; on the intervening days rats remained in the home cage undisturbed).
PCA training was withheld during this TMT exposure period.
Following the final TMT exposure, rats underwent 8 additional PCA sessions. Before the second PCA session rats underwent an open field test (between 08:00 am -12:00 pm) to assess anxiety-like behavior and locomotor behavior. Rats were transported in the home cage and were allowed to habituate to the testing room for 20 minutes. Rats were placed in the center of the open field arena (43 cm x 43 cm; Med Associates, St.
Albans, VT) and locomotor activity was recorded by 32 orthogonal infrared beams using Activity Monitor software (Med Associates) for 10 min.
2.2.3. Alcohol self-administration. After completion of the PCA phase of the experiment, rats began alcohol self-administration. The alcohol self-administration chambers were the same chambers used for PCA. However, the configuration of the chamber was such that there was an additional lever and cue light on the opposite side of the chamber (i.e. two levers and two cue lights total, one set on the left side of the chamber, by the fluid port, and one on the right side). Additionally, general locomotor activity during the selfadministration session was measured with 4 parallel infrared beams across the chamber floor. Total beam breaks across the session were collected and this number was divided by the session length (30 min) to determine locomotor rate (beam breaks/min). Rats were trained to self-administer a 15% (v/v) alcohol + 2% (w/v) sucrose solution (15A/2S) on a fixed ratio 2 (FR2) schedule of reinforcement in 30 minute sessions, five days a week (M-F) via sucrose fading as described in Makhijani et al., 2018. Sucrose fading began with self-administration of 10% sucrose (10S; 2-3 sessions), then 2A/10S (1-2 sessions), 5A/10S (1 session), 10A/10S (2 sessions), 10A/5S (1 session), 15A/5S (2 sessions), and 15A/2S (2 sessions). Finally there were 5 sessions of 15A reinforcer after which the reinforcer returned to 15A/2S for the duration of training (maintenance phase). A sweetened alcohol reinforcer was used as we find this results in stable alcohol self-administration in these long-term studies (Randall et al., 2017 , Jaramillo et al., 2018 , Makhijani et al., 2018 .
TMT and alcohol self-administration 8 2.3. Experiment 2: Effect of TMT exposure on neuronal response to alcohol ( Figure 1B) The goal of this experiment was to examine potential changes in neuronal response to acute alcohol following predator odor stress. Rats (n = 6/dose control group and 10/dose TMT group) experienced the repeated TMT exposure protocol as in Experiment 1. Rats remained undisturbed in the home cage for the next 6 days. On the final test day (7 days after the final TMT exposure), rats received an alcohol injection (2 g/kg alcohol or equivalent volume of water; intragastrically, IG). 90 minutes later, rats were sacrificed by pentobarbital anesthesia (100 mg/kg) prior to perfusion with 0.1M PBS (4°C, pH = 7.4) followed by 4% paraformaldehyde (PFA; 4°C, pH = 7.4). Brains were extracted and stored in 4% PFA for 24h at 4°C before being rinsed with 0.1M PBS and transferred to 30% sucrose in 0.1M PBS for at least 7 days. Brains were sliced on a freezing microtome into 40 µm coronal sections which were stored at -20°C in cryoprotectant until immunohistochemistry (IHC). (IR) . Free-floating coronal sections were rinsed in 0.1M PBS before quenching of endogenous peroxidases with a 5 minute wash in 1% H 2 O 2 . Sections were then blocked with 3% normal goat serum (NGS; Vector Labs, Burlingame, CA) in 0.3% Triton X-100 for 2 hours before being incubated in rabbit anti-c-Fos antibody (1:4000 in 3% NGS + 0.1% Triton; Synaptic Systems, Goettingen, Germany; Lot# 226003/3-45) for 16 hours at 4°C. Sections were incubated with biotinylated goat anti-rabbit secondary antibody (1:200 in 3% NGS + 0.1% Triton X-100; Vector Labs, Burlingame, CA) followed by Vectastain Elite ABC HRP (Vector labs, Burlingame, CA). Finally, sections were treated with diaminobenzidine (Sigma-Aldrich, St. Louis, MO) and mounted on slides for imaging.
c-Fos IHC and quantification of immunoreactivity
Images were taken with an Olympus CX41 light microscope (Olympus America, Center Valley, PA) and analyzed utilizing Image-Pro Premier image analysis software (Media Cybernetics, Rockville, MD). Immunoreactivity data (c-Fos-positive pixels/mm 2 ) were acquired from a minimum of 2 sections/brain region/animal, by an experimenter blind to group assignment, and the data were averaged to obtain a single value per subject. The regions examined were the prelimbic cortex (PL; AP +3.7 to +3.0), infralimbic cortex (IL; AP +3.7 to +3.0), central amygdala (CeA; AP -1.9 to -2.8), and basolateral amygdala (BLA; AP -1.9 to -2.8).
Experiment 3: Comparison of single and repeated TMT exposure on behavior and
alcohol self-administration ( Figure 1C )
The goal of this experiment was to determine the consequences of a single vs. repeated TMT exposure on alcohol self-administration. Rats were assigned to one of the following groups (n = 12/group): Control group -rats underwent 4 water exposures;
Single TMT (sTMT) group -rats underwent 3 water exposures and a single TMT exposure on the final session; Repeated TMT (rTMT) group -rats underwent 4 TMT exposures. These exposures were every other day for 1 week as described in Experiment 1 (2.2.2.). In addition, the number of fecal boli in the test chambers following TMT exposure was counted and presented as part of Experiment 4. Seven days later, rats were tested in the open field as described in Experiment 1 (2.2.2.), the elevated plus maze, and the acoustic startle test. Rats underwent each test in that order on consecutive days. For the elevated plus maze, rats were placed into the closed arm of the maze (arm dimensions 50 cm x 10 cm; maze elevation 50 cm; Stoelting, Wood Dale, IL) for a 5 minute test under red lighting conditions. Movement was tracked using a ceiling mounted camera (Logitech C615; Logitech, Lausanne, Switzerland) and analyzed by AnyMaze software (Stoelting). For the acoustic startle test, rats were placed in an SR-LAB animal enclosure (San Diego Instruments, San Diego, CA) and testing consisted of a 5 minute habituation to background white noise (65dB, matched to ambient noise), followed by 30 startle trials (40 msec presentation of 110 dB white noise) with a 30 second inter-trial interval. Startle amplitude was measured with a highaccuracy accelerometer mounted under the animal enclosure and analyzed with SR-LAB software (San Diego Instruments). Sessions were approximately 20 min in total.
The day following the acoustic startle test, rats began alcohol self-administration as described in Experiment 1 (2.2.3.).
Experiment 4:
Measuring plasma corticosterone response to repeated TMT exposure ( Figure 1D )
In order to measure the effect of TMT exposure on plasma corticosterone levels, rats underwent either 4 water exposures or 4 TMT exposures across one week as described in section 2.2.2. Tail blood was collected 30 minutes after exposure on days 1 and 4 for analysis of plasma corticosterone. Blood was collected into heparinized tubes and immediately centrifuged at 4°C for 5 minutes at 2000 rcf. Plasma supernatant was then collected and stored at -80°C until analysis. 5 µL plasma samples were then analyzed in duplicate using a commercially available colorimetric EIA kit (ArborAssays, Ann Arbor, MI) according to the manufacturer's instructions.
2.6. Reagents 97% purity 2,5-dihydro-2,4,5-trimethylthiazoline (TMT) was purchased from SRQ Bio (Sarasota, FL). Alcohol (95% (v/v); Pharmaco-AAPER, Shelbyville, KY) and sucrose (Great Value, Bentonville, AR) were diluted with tap water for all PCA and selfadministration sessions.
2.7. Data analysis 2.7.1. PCA: PCA behavior is represented by cumulative number of lever presses across all trials, cumulative port entry elevation score across all trials (port entries during 10s CS -port entries in 10s preceding CS), and latency to port entry and lever press (from CS onset). PCA behavior is also summarized by a PCA index, which takes into account responses, latency to response, and probability of response during trial as in (Fitzpatrick et al., 2019) . PCA index was calculated by an evenly weighted average of response bias ((lever presses -port entry elevation score)/(lever presses + port entry elevation score)), latency score ((latency to port entry-latency to lever press)/10s), and probability difference (probability of lever press in trial -probability of port entry).
Animals with a PCA index below -0.5 are considered "Goal-Trackers", an index above 0.5 indicates a "Sign-Tracker", and animals in between are considered "Intermediate Responders" (Fitzpatrick and Morrow, 2016, Fitzpatrick et al., 2019) . PCA behavior after TMT exposure was analyzed by two-way repeated measures analysis of variance (RM-ANOVA) with TMT exposure as the between-subjects factor and session as the withinsubjects factor. 2.7.2. Self-administration: For the sucrose fading phase of alcohol self-administration, alcohol lever responses, inactive lever responses, and locomotor rate are represented as averages across each reinforcer. These data were examined by two-way RM-ANOVA with TMT exposure as a between-subjects factor and reinforcer as a withinsubjects factor. Total alcohol intake (g/kg) during the sucrose fading and maintenance phases of self-administration is shown as cumulative alcohol consumed by each animal across the study (approximated based on body weight and number of reinforcers delivered for each session) and compared by t-test for Experiment 1, and one-way ANOVA for Experiment 3. For maintenance sessions of alcohol self-administration: alcohol lever responses, inactive lever responses, and locomotion are presented as 3session averages. These data were analyzed by two-way RM-ANOVA with TMT exposure as a between-subjects factor, and session as a within-subjects factor. in First 5 Trials). Plasma corticosterone levels (ng/ml) following TMT were analyzed by two-way RM-ANOVA with TMT exposure as a between-subjects factor and exposure day as a within-subjects factor. Fecal boli was analyzed by two-way RM-ANOVA with TMT exposure as a between-subjects factor, and exposure day as the within-subjects factor.
All data is represented as mean ± SEM. For all analyses significance was set at p < 0.05.
Results
Experiment 1: Effect of TMT exposure on Pavlovian conditioned approach
The purpose of Experiment 1 was to determine if TMT exposure would increase transfer of salience towards reward cues (sign-tracking), and if increased cue salience/signtracking behavior could predict increased alcohol self-administration.
3.1.1. Repeated TMT exposure reduces goal-tracking behavior towards a reward cue Male rats underwent 8 days of PCA training, after which animals were counterbalanced into groups by PCA index (measured on day 8) and assigned to either the repeated TMT or Water group. Following TMT exposure, animals showed no change in lever presses (Fig 2A) , but showed significantly lower port entry elevation scores than the control group ( Fig 2B, F (1,10) = 5.18, p = 0.046), with no significant main effect of session or TMT by session interaction. There were no main effects of TMT or session on latency to first lever press ( Fig 2C) and there was a trend for a main effect of TMT on latency to first port entry ( Fig 2D, F (1,10) = 4.05, p = 0.072), with no main effect of session or TMT by session interaction. There were no main effects of TMT, session or interaction on PCA index ( Fig 2E) . Additionally, while all rats performed sign-tracking behavior (lever presses) indicating transfer of salience to the lever cue, no rats in either group met the classification of sign-tracker (PCA index over 0.5). Both groups had 2 goal-trackers (PCA index under -0.5) and 4 intermediate responders (PCA index between -0.5 and 0.5). These findings indicate that TMT exposure did not alter signtracking behavior but did reduce goal-tracking behavior. In the open field test there was no effect of TMT exposure on distance travelled or percent time in the center of the open field (Table 1) , indicating the lack of a change in general locomotion and anxietylike behavior.
3.1.2. Rats with a history of repeated TMT exposure show increased alcohol selfadministration.
Two-way RM ANOVA across sucrose fading showed main effects of reinforcer and TMT on alcohol lever responses with no interaction ( Fig 3A; F Reinforcer (7,70) = 36.7, p < 0.001; F TMT (1,10) = 6.14, p = 0.033) indicating greater alcohol lever responses in the TMT group than the Control group. The TMT-exposed animals also had significantly higher total alcohol intake across sucrose fading ( Fig 3B; t(10) = 2.59, p = 0.027). There were no main effects of TMT or reinforcer on inactive lever responses or locomotor rate (Table 2) .
During maintenance of alcohol self-administration the TMT group had higher alcohol lever responses than the control group, as indicted by a significant main effect of group ( Fig 3C; F (1,10) = 8.11, p = 0.017). There was also a significant main effect of session (F(6,60) = 10.2, p < 0.001) and no interaction. There was no significant effect of TMT exposure on total alcohol intake during the maintenance phase ( Fig 3D) . There were no main effects of group, session, or interaction for inactive lever responses (Table 3) .
There was a main effect of session on locomotor rate with reduced locomotion in later sessions (Table 3 ; F(6,60) = 5.17, p < 0.001), but no main effect of group or session by group interaction.
Together these results show that TMT exposure does not increase transfer of salience to a reward cue, but can reduce goal-tracking behavior. As it was hypothesized transfer of salience to appetitive cues may predict stress induced increases in alcohol consumption, correlation between change in PCA index following TMT exposure (difference between sessions 16 and 8) and total alcohol intake during maintenance self-administration was examined. There were no significant correlations between change in PCA score following TMT exposure and alcohol self-administration in either the control or TMT group (R 2 Control = 0.257, R 2 TMT = 0.001).
Experiment 2: Effect of TMT exposure on neuronal response to alcohol
As rats exposed to repeated TMT showed increased alcohol self-administration, the goal of this experiment was to determine whether neuronal response to alcohol was altered in rats exposed to TMT. Due to experimenter error and tissue damage during sectioning, the animals in the Control + Alcohol group is n = 5 for mPFC regions and n = 4 for amygdala regions.
Repeated TMT exposure blocks alcohol-induced reduction in BLA c-Fos
Following alcohol (2 g/kg), a significant reduction in c-Fos IR was observed in the prelimbic (PL; Fig 4A; F(1,27) = 4.82, p = 0.0367) and infralimbic (IL; Fig 4B; F(1,27) = 5.28, p = 0.030) subregions of the mPFC, with an increase in the central amygdala (CeA; Fig 4C; F(1,25) = 6.29, p = 0.019). There were no main effects of TMT exposure or TMT exposure by alcohol dose interactions. 5.78, p = 0.024) with a significant alcohol by TMT exposure interaction (F(1,26) = 4.48, p = 0.044). Post-hoc analysis showed alcohol treatment significantly reduced BLA c-Fos IR in the control group (p < 0.05), but this effect was blocked in the TMT-exposed group.
Interestingly, the TMT-exposed animals also showed several significant correlations between BLA, CeA, PL, and IL c-Fos IR (Table 4) . Notably, the TMT-exposed animals treated with alcohol showed significant correlations between PL and BLA c-Fos IR ( Fig   4E ; R 2 = 0.724, p = 0.002) while the Control and TMT + Water groups did not. Both TMT treated groups also showed significant correlations between CeA and BLA c-Fos IR ( Fig. 4F ; TMT + Water: R 2 = 0.448, p = 0.034; TMT + EtOH: R 2 = 0.538, p = 0.016), while neither control group did.
These data suggest that TMT exposure alone increases correlation between activity in the mPFC and amygdalar subregions, while blunting the effects of alcohol on BLA neuronal activity.
Experiment 3: Comparison of single and repeated TMT exposure on behavior and alcohol self-administration
The purpose of Experiment 3 was to build upon the results in Experiment 1 and compare the effects of single (sTMT) versus repeated TMT (rTMT) exposure on alcohol self-administration. There was no effect of TMT exposure on percent center time or total distance travelled (Table 1) . One rat in the control group was identified as an outlier (distance travelled 2 standard deviations below the mean) and excluded from the experiment.
Elevated plus maze. There was no effect of TMT exposure on percent open arm time or total distance travelled (Table 1) . Acoustic startle response. There was no effect of TMT exposure on peak startle amplitude or startle habituation index (Table 1) . 
Single but not repeated TMT increases alcohol self-administration
Examination of self-administration behavior with two-way RM ANOVAs across sucrose fading showed a main effect of reinforcer on alcohol lever responses ( Fig 5A; F(17,544) = 61.1, p < 0.001), inactive lever responses (Table 2 ; F(17,544) = 1.66, p = 0.046), and locomotion ( Table 2 ; F(17,544) = 4.91, p < 0.001) with no main effect of TMT or TMT by by reinforcer interaction. Examination of total alcohol intake (g/kg) across sucrose fading showed significantly greater alcohol intake in the sTMT group ( Fig 5B; F (2,32) = 4.85, p = 0.015).
Analysis of maintenance of alcohol self-administration found a significant main effect of TMT exposure on active lever responses ( Fig 5C; F (2,32) = 5.75, p = 0.007) with no significant effect of session or TMT exposure by session interaction. Again, the sTMT group consumed significantly more alcohol during the maintenance of alcohol selfadministration ( Fig 5D; F (2,32) = 7.70, p = 0.002). There was no effect of TMT exposure, session, or TMT exposure by session interaction on inactive lever responses (Table 3) . Two-way RM-ANOVA showed a main effect of session on locomotor rate, with decreased locomotor rate across the sessions (Table 3) with no effects of TMT exposure or TMT exposure by session interaction.
These results indicate that a single TMT exposure produced lasting increase in alcohol self-administration. In a separate group of animals, plasma corticosterone response 30 min following TMT exposure (at the onset of the dark cycle, approximately between 7:30 -9:00 p.m.) was examined across the course of repeated TMT exposures ( Fig 6B) . Two-way RM-ANOVA revealed a main effect of TMT (F(1,13) = 8.74, p = 0.011) and day (F(1,13) = 5.49, p = 0.036), with no TMT by day interaction. This suggests that acute physiological and neuroendocrine responses to TMT do not habituate across repeated exposures.
Experiment 4: Measuring plasma corticosterone response to repeated
Discussion
The results of this study demonstrate several important findings. First, repeated exposure to TMT, a synthetically produced predator odor, can reduce goal-tracking behavior in male Long-Evans rats. Second, rats with a history of TMT exposure show persistent increases in alcohol self-administration. Third, TMT-exposed rats are insensitive to alcohol-induced reductions in BLA c-Fos expression, and show increased synchronicity between mPFC and amygdala as indicated by c-Fos expression. Fourth, neither fecal boli nor plasma corticosterone response to TMT exposure habituate across repeated exposures. Together, these data suggest that exposure to the synthetically produced predator odor TMT is a viable model to study stress-induced lasting increases in alcohol self-administration, which may be related to changes in BLA response to alcohol.
As PTSD and addiction both involve maladaptive attribution of salience towards traumatic and drug cues, respectively, we hypothesized that stress exposure would increase the attribution of salience towards reward-related cues (i.e., increased signtracking behavior) as this can predict a pro-addiction phenotype (Tomie et al., 2008 , Morrison et al., 2015 , Fitzpatrick et al., 2019 . To test this hypothesis, rats in Experiment 1 were trained on PCA, exposed to TMT and then resumed PCA. Contrary to our hypothesis, we found that sign-tracking behavior was not increased following TMT exposure, suggesting that attribution of salience towards the reward cue was not increased. In fact, we found that goal-tracking behavior was decreased following TMT exposure. It is possible that TMT exposure may still increase the salience of drugrelated cues, but not sucrose-related cues, though this is unlikely as salience transfer seems well conserved across reinforcers (Morrow et al., 2011, Yager and Robinson, 2013) . Another possibility is that the low sample size in this study (n = 6/condition) compounded with high variability in sign-tracking behavior ( 2013), therefore using rats from a supplier whose population demonstrates greater levels of sign-tracking behavior, or a different strain of rat may be an important consideration for future work. However, the reductions in goal-tracking behavior in the TMT-exposed rats is particularly interesting and similar reductions in reward approach behavior have been observed in rats following repeated footshock stress (Woon et al., 2019) . One interpretation of this data pattern is that TMT exposure induced an anhedonia-like phenotype, a well-defined symptom of PTSD (APA, 2013 , Nawijn et al., 2015 , Vujanovic et al., 2017 , such that a decrease in sucrose reward led to a decrease in goal-tracking behavior in the task. However, during self-administration training the TMT-exposed animals did not show reduced self-administration of a 10% sucrose solution ( Fig. 4A ) which makes such an explanation less likely. An alternative hypothesis is that this reduction in goal-tracking may be due to a cognitive impairment often associated with PTSD such as attention dysfunction (Esterman et al., 2013 , Esterman et al., 2019 . Future studies could directly test this by evaluating attentional processes in TMT-exposed animals with the rodent psychomotor vigilance test or fivechoice serial reaction task.
Following PCA, animals began alcohol self-administration training (9 days after the last TMT exposure). Rats with a history of TMT exposure showed significant increases in alcohol self-administration during the sucrose fading and maintenance phases. These findings are consistent with literature using different models of predator odor stress and observing increases in alcohol drinking lasting 1-3 weeks (Edwards et al., 2013 , Manjoch et al., 2016 , Finn et al., 2018 , Zoladz et al., 2018 . However, here we show that the increase in self-administration persisted throughout 21 sessions (4 weeks) of maintenance self-administration which began approximately 5 weeks following the last TMT exposure.
While other studies use a variety of natural predator odors such as cat litter Conversely, TMT as a single odor molecule, may not elicit the full range of behavioral and neurobiological responses, such as conditioned avoidance, that a natural odor might (McGregor et al., 2002 , Blanchard et al., 2003 . Future studies could explore alternative synthetically produced predator odors such as β -phenylethylamine, 2propylthietane, or a combination of odorants (Perez-Gomez et al., 2015) .
To begin to understand the neurobiological basis of increased alcohol selfadministration, Experiment 2 examined whether TMT-exposed rats showed differential expression of c-Fos, a marker of neuronal activity, in response to alcohol 1 week after the final TMT exposure. We examined subregions of the mPFC and amygdala, which are implicated in both PTSD, AUD, and activated by predator odor (Asok et al., 2013 , Edwards et al., 2013 , Hwa et al., 2019 . Acute administration of alcohol (2 g/kg, i.g.)
reduced c-Fos expression in the mPFC (PL and IL) regardless of whether rats had been exposed to TMT. Similarly, TMT exposure did not affect the alcohol-induced increase in c-Fos in the CeA. However, TMT-exposed rats treated with alcohol were insensitive to the alcohol-induced reductions in BLA c-Fos seen in control rats. The finding that TMT exposure prevented the alcohol-induced reduction in BLA c-Fos is particularly interesting as alcohol is known to blunt BLA response to fearful stimuli (Sripada et al., 2011) and thus hypo-responsiveness to the effects of alcohol may pose a potential mechanism underlying increased alcohol self-administration. Further, BLA hyperactivity is implicated in PTSD as well as in anxiety disorders and addiction (Patel et al., 2016 , Sharp, 2017 , Piggott et al., 2019 while alcohol self-administration in alcohol experienced rats is shown to reduce BLA activity (Vilpoux et al., 2009 ). Therefore, it is possible that if alcohol-induced reductions in BLA activity are disrupted in TMT-exposed animals, this lack of feedback could potentially drive increased alcohol drinking.
Interestingly, the correlation between PL-BLA c-Fos in alcohol-treated TMT-exposed animals mirrors patterns evoked by context re-exposure in a different predator odor study (Edwards et al., 2013) , and symptom-provocation in PTSD patients (Gilboa et al., 2004) supporting the hypothesis that maladaptive connectivity in these regions may underlie comorbidity of PTSD and AUD (Gilpin and Weiner, 2017).
Building on the findings of Experiment 1 showing a persistent escalation in alcohol self-administration in rats with a history of repeated TMT exposures, the goal of Experiment 3 was to determine whether a single TMT exposure would be sufficient to increase alcohol self-administration. Surprisingly, results from this experiment showed that a single TMT exposure, but not repeated TMT exposures, led to significantly elevated alcohol self-administration. Though animals' conditioning history differed between experiments, in both cases the escalations in drinking persisted through 21 sessions (4 weeks) of maintenance self-administration, approximately 5 weeks after the last TMT exposure. A notable difference between the two experiments is that rats in Experiment 1 experienced PCA training prior to alcohol self-administration training.
Therefore, that group had prior experience in the operant chambers with sucrose reward and the CS lever was the same as the active lever for later self-administration studies. While this confound was mitigated in the context of Experiment 1 as all rats received equal CS/US pairings, it could explain the divergent results in the repeated TMT groups in Experiments 1 and 3. Further, since a 1-day TMT exposure group was not tested in Experiment 1, we cannot conclude whether the repeated TMT exposure was necessary to show the subsequent increase in alcohol self-administration under those conditions. Interestingly, while repeated TMT did not elicit elevations in self- In both Experiments 1 and 3 rats with a history of TMT exposure showed increased alcohol self-administration. One explanation is that the TMT exposure may have led to an enhancement in the reinforcing value of alcohol. Alternatively, the increase in self-administration could be interpreted as a reduction in the reinforcing effects of alcohol such that rats required more alcohol. Future studies could further investigate the mechanisms underlying increased self-administration by examining performance on a progressive ratio test for an alcohol reinforcer (Stafford et al., 1998) .
Another possible explanation is that rats were less sensitive to the interoceptive cues of alcohol that signal satiety. Indeed, prior work has shown that rats with a history of corticosterone exposure in the drinking water show blunted sensitivity to the interoceptive effects of alcohol and also show enhanced alcohol self-administration (Besheer et al., 2012 , Besheer et al., 2013 , Besheer et al., 2014 , Jaramillo et al., 2015 .
One caveat to the present findings of increased alcohol self-administration is that it is not known if these effects are specific to an alcohol reward or to reward in general. As such, it will be important for future work to conduct a parallel experiment in rats trained to self-administer a non-drug reward such as sucrose or a non-caloric reward such as saccharine.
One question that remains unanswered by the existing literature is the effect that alcohol history has on the outcomes of stress exposure on alcohol drinking. Animals that showed increases in alcohol self-administration in this study were alcohol naïve, but two studies show that a history of alcohol consumption is necessary for elevations in alcohol consumption following PO or predator and social stress (Finn et al., 2018 , Zoladz et al., 2018 . Another study found that alcohol experience was protective against increases in alcohol consumption following SEFL (Meyer et al., 2013) . The impact of alcohol history on stress-induced escalations in drinking will be an important point to address for clinical translation of these studies as alcohol use is prevalent among adults (SAMHSA, 2018) and clinical data suggests that alcohol dependence blunts cortisol stress response (Sinha et al., 2011) .
It is particularly interesting that 7 days after TMT exposure, there were no differences in anxiety-like behavior, or hyperarousal relative to controls. This is in contrast to other studies using TMT that show the presence of anxiety-like behavior and hyperarousal 7 -9 days following predator odor exposure (Brodnik et al., 2017 , Schwendt et al., 2018 . The lack of anxiety-like behavior or hyperarousal in this study could be due to strain differences, a floor effect, or timing of behavioral testing. Both Clinical studies suggest higher incidence of PTSD in females than males (Bangasser and Valentino, 2014) . Therefore, a limitation of the present work is the lack of inclusion of female rats. One study that examined sex differences in alcohol consumption following predator odor exposure found that only low-drinking female rats increased alcohol consumption (Finn et al., 2018) , suggesting that the mechanism by which stress impacts alcohol drinking may be different between sexes. This is In summary, this study outlines a model by which a single exposure to a synthetically produced predator odor, TMT, can induce a persistent increase in alcohol self-administration in male Long Evans rats. Rats exposed to TMT also show insensitivity to the effects of alcohol on BLA c-Fos expression, which may suggest a dysregulation that could underlie these increases in alcohol self-administration. The acute physiological (fecal boli) and corticosterone response to repeated TMT exposure did not habituate, though repeated TMT exposure only increased alcohol selfadministration in rats trained in PCA. Future studies could use this model and others to better define the effects of alcohol experience on traumatic stress reactivity, identify stress induced changes in mPFC-amygdala circuitry that may underlie escalations in drinking, and characterize sex differences in models of stress enhanced alcohol consumption. Through breadth of experimental methodologies and careful dissection of variables involved in trauma exposure, studies such as this can aid in understanding the highly variable nature of PTSD and its relationship with AUD.
Funding: This work was supported by the National Institute of Health AA026537 (JB) and by the Bowles Center for Alcohol Studies. VHM was supported by AA027436 and NS007431, and JPF was supported by GM089569. male rats (n = 6/dose control group and 10/dose TMT group) were exposed to TMT 4 times. 7 days later, rats received 2 g/kg alcohol or water (i.g.) and were sacrificed 90 minutes later to examine brain regional expression of c-Fos. (C) In Experiment 3, male rats (n = 12/group) were exposed 0, 1, or 4 times to TMT and examined for anxiety-like behavior and hyperarousal 7 days later. Rats were then trained to self-administer alcohol. (D). In Experiment 4, male rats (n = 8/group) were exposed to TMT 4 times and blood was drawn 30 minutes post-exposure on days 1 and 4 for analysis of plasma corticosterone.
Figure Captions
Fig. 2.
Effects of TMT exposure on PCA behavior. (A&B) Rats exposed to TMT showed no change in lever presses (sign-tracking) and significant reductions in port-entry elevation score (goal-tracking) compared to controls. (C&D) Rats exposed to TMT showed no change in latency to first lever press, and a trend for increased latency to first port-entry as compared to controls. (E) PCA indices for TMT exposed rats did not differ significantly from controls. Dotted line represents 4 TMT exposures across 7 days, between PCA sessions 8 and 9. * -p < 0.05 versus control. . 3 . Acquisition and maintenance of alcohol self-administration following TMT exposure in Experiment 1. (A) Rats exposed to TMT showed increased active lever responses across sucrose fading compared to controls. (B) TMT-exposed rats consumed significantly more alcohol than controls across sucrose fading. (C) TMTexposed rats showed increased active lever responses during maintenance compared to controls. (D) There was no significant difference in total alcohol intake across the maintenance phase between TMT-exposed animals and controls. * -p < 0.05 versus control. Alcohol reduces BLA c-Fos IR in naïve, but not TMT-exposed rats. The shaded area on the brain atlas illustrations show the quantified region. * -p < 0.05 versus water. Control 0.9 ± 0.3 0.8 ± 0.5 1.0 ± 0.4 1.4 ± 0.5 1.2 ± 0.5 2.3 ± 1.0 1.3 ± 0.7 2.5 ± 0.6 TMT 3.1 ± 1.0 5.2 ± 2.1 6.0 ± 2.1 4.4 ± 1.9 3.8 ± 1.5 5.1 ± 3.0 4.2 ± 2.0 5.4 ± 2.9 Experiment 3* Control 2.1 ± 0.6 2.9 ± 0.8 3.5 ± 1.3 3.6 ± 0.9 2.3 ± 0.9 3.0 ± 0.6 3.0 ± 0.8 2.2 ± 0.6 sTMT 1.9 ± 0.5 2. 25.5 ± 1.7 Experiment 3* Control 26.7 ± 1.5 26.3 ± 1.2 27.2 ± 1.6 24.7 ± 1.5 23.7 ± 1.5 23.9 ± 1.1 26.5 ± 1.3 25.3 ± 1.3 sTMT 29.8 ± 1.3 29.0 ± 1.7 30.3 ± 2.1 26.9 ± 1.1 26.8 ± 1.3 26.0 ± 0.9 28.3 ± 1.5 27.0 ± 1.4 rTMT 29.1 ± 1.2 29.0 ± 1.4 29.9 ± 1.2 28.6 ± 0.7 29.0 ± 0.8 26.4 ± 1.3 29.3 ± 1.6 27.3 ± 1.4 * -significant main effect of reinforcer p < 0.05 F  i  n  n  D  A  ,  H  e  l  m  s  M  L  ,  N  i  p  p  e  r  M  A  ,  C  o  h  e  n  A  ,  J  e  n  s  e  n  J  P  ,  D  e  v  a  u  d  L  L  (  2  0  1  8  )  S  e  x  d  i  f  f  e  r  e  n  c  e  s  i  n  t  h  e  s  y  n  e  r  g  i  s  t  i  c   e  f  f  e  c  t  o  f  p  r  i  o  r  b  i  n  g  e  d  r  i  n  k  i  n  g  a  n  d  t  r  a  u  m  a  t  i  c  s  t  r  e  s  s  o  n  s  u  b  s  eu  e  n  t  e  t  h  a  n  o  l  i  n  t  a  k  e  a  n  d   n  e  u  r  o  c  h  e  m  i  c  a  l  r  e  s  p  o  n  s  e  s  i  n  a  d  u  l  t  C  5  7  B  L  /  6  J  m  i  c  e  .  A  l  c  o  h  o  l  7  1  :  3  3  -4  5  .   F  i  t  z  p  a  t  r  i  c  k  C  J  ,  G  e  a  r  y  T  ,  C  r  e  e  d  e  n  J  F  ,  M  o  r  r  o  w  J  D  (  2  0  1  9  )  S  i  g  n  -t  r  a  c  k  i  n  g  b  e  h  a  v  i  o  r  i  s  d  i  f  f  i  c  u  l  t  t  o  e  x  t  i  n  g  u  i  s  h  a  n 
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